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ABSTRACT: Osmotic swelling of membrane vesicles has been studied in combination with dynamic light scattering, to
obtain information about the elastic properties of biomembranes. In such studies, there arise some technical problems
specific to dynamic light scattering, which include the effects on the light-scattering results of the size distribution and
nonsphericity of the vesicles with submicron sizes. Even for highly monodisperse suspensions of spherical vesicles
(o-/dn = [(the mean of d2)/d - 111/2 = 0.1; dn being the number-average diameter of vesicles), the average diameter d
obtained from dynamic light scattering is shown to be strongly dependent on dnK, where K is the length of the scattering
vector. This is solely due to the shell structure of the vesicles. For ellipsoidal vesicles, another complication appears
which is due to the rotational motion of ellipsoids.
INTRODUCTION
The elastic modulus of the membrane vesicles was recently
measured by an osmotic swelling method (Li et al., 1986;
Sun et al., 1986). The protocol of this method is as follows:
Vesicles (spherical in shape) with an initial diameter do are
prepared in an aqueous solution containing C0 (mol/l) of
solute. A dilution buffer is then added to the sample in the
scattering cell to reduce the final external concentration of
the solute to Ce. Assume that the vesicle is permeable to
water but not to the solute. Then, water flows into the
vesicle, and the vesicle expands until the final internal
concentration C; of solute is reached with the final diame-
ter df, where the osmotic pressure difference, P1 - P2,
across the vesicle wall just balances against the elastic
force produced by the expansion. Van't Hoff's law gives
PI - P2 = KO(Ci - Ce), where K0 is the osmotic coefficient.
On the other hand, the stress, T, which induces the change
in the membrane area, AA = (df2 - d02)/d02, can be given by
Ts = (df/4)(P -P2). The elastic modulus, M (dyn/cm), is
defined by Ts = ML\A. By noting C; = (d0/df)3(C0, the
following relation is established (Li et al., 1986; Sun et al.,
1986; Miyamoto et al., 1988);
d2dfK0do/df= ' (1/M) [(do- df)3C0C] (1)4(do + df)
The dynamic light-scattering method can be used to obtain
the exact value of the average diameter of the membrane
vesicles in the solution. General background information
about the dynamic light-scattering method is found in
standard textbooks (Chu, 1974; Berne and Pecora, 1975).
The intensity correlation function, G2(T), of the scattered
light is related to the normalized field correlation function,
g'(r), of the scattered light by
G2(r) = B[1 + fIg'(T)12] (2)
where B is the baseline and f: is a constant. For a
polydisperse system, g'(r) is generally expressed as
g'(T) = 4G(r)exp(-rr)dF with £ G(r)dF= 1, (3)
where G(F) is the distribution function of the decay rate r
of g'(r). To obtain the average decay rate F of g'(T), the
cumulant expansion method is routinely adopted (Koppel,
1972):
g'(T) = exp [-rT + (A2/2!).2 -(A313!)r3], (4)
where r = JFG(F) dr and A,n = f (r - r)nG(r) dr.
(,u2/r2) is a measure of the dispersion in G(r). The average
diffusion coefficient, D, and the diameter, d, of the mem-
brane vesicle can be obtained, respectively, by
F = DK2 and D = kBT/(37rqd), (5)
where K = (4irn,/X.) sin (0/2) is the length of the
scattering vector K (n.: the refractive index of the solvent,
XO: vacuum wavelength of the incident light, and 0: the
scattering angle), kB is the Boltzmann constant, T is the
absolute temperature, and 7 is the solvent viscosity.
The osmotic swelling method in combination with the
dynamic light scattering method seems to be very power-
ful, especially for vesicles with submicron sizes, such as
brush border membrane vesicles, secretory granules and
synaptic vesicles in the presynaptic axon. In connection
with our own swelling experiments on brush border mem-
brane vesicles in an accompanying paper (Miyamoto et al.,
BIOPHYS. J.o Biophysical Society * 0006-3495/88/04/497/07 $2.00
Volume 53 April 1988 497-503
497
1988), we describe some technical problems specific to
dynamic light scattering from suspensions of ellipsoidal
shells of revolution as well as spherical shells. The problems
include the effects of the size distribution and of nonspher-
icity of the scatterers on the light-scattering results. They
have not been discussed explicity by previous researchers.
Our results show that the D value of spherical vesicles
strongly depends on K, and that the D value of ellipsoidal
vesicles with the axial ratio as small as two shows quite
different dependence upon K from that of spherical vesi-
cles. To discuss them, we list below the relevant formulas
for later convenience.
For an ellipsoidal shell of revolution, x2/b2 + y2/b2 +
z la = 1, with thickness to <« X, the amplitude of the
scattered light at time t can be written as (Fujime and
Kubota, 1985)
e(t) = exp [iK * R(t)]a(K, 4, t) (6)
a(K, 4, t) = j0(Z) = (sin Z)/Z (7)
Z = Kb[1 (1 _ p-2)211/2 = Kb(1 - q42)1/2 (8a)
q- 1 - p2, (8b)
where R(t) is the position vector of, 4 is the cosine of the
instantaneous angle between the vector K and the z-axis of,
the ellipsoidal shell, and p = b/a is the axial ratio; p > 1
(oblate), p = 1 (spherical) and 0 < p < 1 (prolate). The
unnormalized field correlation function is given by
G'(T) = GD(T) Ty (2m + 1)
n m
[U exp (-OAr)U-']n,man(Kb)am(Kb) (9)
an(Kb) = 4 10(Z)Pn(4) d4 (for even n)
= 0 (for odd n), (10)
where GD(r) = exp (- [DO - (1/3)(D3 - D1)]K2r), T =
It - t'I, D3 and DI are, respectively, the translational
diffusion coefficients parallel and perpendicular to the
z-axis of the ellipsoidal shell (DO = (2DI + D3)/3 is the
overall diffusion coefficient), 0 is the rotational diffusion
coefficient around the x(y) axis of the ellipsoidal shell,
P,(4) is the Legendre polynomial of the order n, and the
explicit forms of the matrices U and A are found elsewhere
(Maeda and Fujime, 1984; these matrices describe the
effect of anisotropy, DI # D3). The static scattering
function is given by
P(Kb) = G'(0) = >(2n + I)a,(Kb)2 = 1 jo(Z)2d4, (11)
where use was made of UU ' = E (the unit matrix). The
last form of P(Kb) in Eq. 11 has been derived by Norisuye
and Yu (1977). From time derivative of Eq. 9, the first
cumulant r of G'(r) is given by
rK= D + b2EJg (Kb) + (D3 - D1)[g2(Kb) - 1/31 (12)
g,(Kb) = (Kb)-2 Zn(n + 1)(2n + I)an(Kb)2/P(Kb) (13)
n
g2(Kb) = E (2n + 1 )a.(Kb) [LO(n)a.(Kb)
n
+ L2(n - 2)an 2(Kb) + LI(n + 2)a,+2(Kb)]/P(Kb). (14)
The explicit forms of Li(n) are found elsewhere. The details
of the derivation of the above equations, and numerical
results for p >> 1 and 0 < p << 1 are found in Fujime and
Kubota (1985).
EFFECT OF POLYDISPERSITY
Spherical Shells (p = 1)
Let us denote the size distribution by N(z) where z = d/dn
(dn being the number-average diameter of the vesicles).
The light-scattering average is the so-called z-average,
which is denoted by ( ... ). Although the size of the
spherical shells of our interest is very large, the scattering
function for a spherical shell, with wall thickness to << Xo, is
precisely given by Eq. 11, P(x) = sin2 (x)/x2 with x =
Kb = Kd/2 (i.e., no violation of the so-called Rayleigh-
Debye condition). Then, we have
(g'(r)) = P(x) exp [-D(d)K2r]z4N(z) dz/
fP(x)z4N(z) dz, (15)
where D(d) is the diffusion coefficient of a sphere with
diameter d. Eq. 15 is a d-space version of Eq. 3. The time
derivatives of Eq. 15 at r = 0 give
(Di) = f D(d)'(x)z4N(z) dz/f P(x)z4N(z) dz. (16)
To carry out integration of Eq. 16 explicitly, we assume the
Schulz-Zimm distribution function without the normaliza-
tion factor: N(z) = zm exp [-(m + 1)z], where m is the
measure of the sharpness of the distribution; o/d, = [(the
mean of d2)/d, - 11/2 = (m + 1) 1/2* By use of the
following integral formula for (a, a) > 0 (Moriguchi et al.,
1959)
4 exp (-az)za-' cos (bz) dz
r(a(2) cos[atan-'(b/a)] (17)
-(a2 b+ )/
and sin2 (x) = [1 - cos (2x0z)]/2 where xn = Kd0/2, we
easily have
(D') 2(m + 1)'(m + 2 - i)!
D(dji (m + 4)!
I1-cos [(m + 3 - i) tan-' (y)]/(l + yl)(m+3-i)12
x y2(P(x))
(IA2/r2)= (D2)/(D 2 _ 1,
(18)
(19)
where y = 2x./(m + 1) and D(dn) is the diffusion
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coefficient of the particle with diameter d,. For i = 0, Eq.
18 gives (P(x)). A very similar expression to our (P(x))
has been derived from a slightly different model from ours
(Aragon and Pecora, 1976). At K = 0, we have (D)° =
[(m + 1)/(m + 4)]D(dn), (D2)O = [(m + 1)2/(m + 3)/
(m + 4)]D(d )2, and (,u2/r2) = (m + 3)-.
Ellipsoidal Shells of Revolution (p : 1)
From Eqs. 8 and 1 1, the scattering function for p # 1 can
be written as
i'i sin2 [x(l _q-2)1/2]
P(x) =0 x2(1- q~2) d4.
A
x
VCL
x
(20)
By replacing y = 2x0/((m + 1) in Eq. 18 with v = y(I -
q(2)1/2, and integrating over (, we immediately have the
theoretical expressions of (P(x)), (D) and (,92/r2) for the
ellipsoidal shell of revolution with D(ellipsoid with the
axial ratio p) = D(sphere) x pGo(p), where Go(p) is the
shape factor depending only on p (Perrin, 1934). (As
shown below, the rotational motion of the scatterers with
slight nonsphericity does not have an appreciable effect on
the result.) Numerical integration over t is easily carried
out by use of any desk-top computer because of the
well-behaved integrand.
NUMERICAL RESULTS
The numerical results are graphically shown; x2(P(x)) in
Fig. 1, (D) in Fig. 2 a, and (62/F2) in Fig. 2 b. For slight
nonsphericity (p = 1.2, oblate; and p-' = 1.2, prolate),
these quantities behave very similarly to those for a
spherical shell (p = 1). Note that we put b = d/2 and a =
b/1.2 (p = 1.2), and a = 1.2b (p'- = 1.2); the volumes
V(p) = (4/3)7rb3/p of the shells were in the order of
V(1.2-') > V(1) > V(1.2). This situation appeared, for
example, in the peak positions of the curves in Figs. 1 and
2.
As a function of xn, the modified intensity x2(P(x)) of a
spherical shell changes like sin2 (xn) for m = oo (monodis-
perse). With the decreasing m value (decreasing monodis-
persity), the modified intensity shows a damped oscillation
(Fig. 1). The modified intensity of an ellipsoidal shells also
shows a damped oscillation even for m = oo. From the static
intensity alone, it is therefore very difficult to conclude that
the sample is the suspension of monodisperse ellipsoidal
shells, of polydisperse spherical shells, or of polydisperse
ellipsoidal shells, as has been reviewed by Yu (1983).
One of our notable predictions is the K2-dependence of
(D) (Fig. 2 a). Even for a very sharp size-distribution,
m = 100 (or relative dispersion of cl/dn = 0.1), (D)
depends largely on x2 (or K2). In Fig. 2, the vertical bars
show the x2 values for the indicated diameters (in nanome-
ters) of the vesicle at the scattering angle of 900. To
simulate the experimental result of (D), we computed the
field correlation functions according to Eq. 15, by assum-
ing r = mAr(m = 1, 2, ..., 128), D(dn)K2(128AT) = 2,
m = 10, dn = 330 nm and p = 1. The G2(r)s were
Xn = (Kdn/2)
FIGURE 1 The x2(P(x)) vs. x, relationships for suspensions of ellipsoi-
dal shells of revolution. The dashed lines are for p = b/a = 1.2 (oblate
ellipsoidal), the solid lines for p = 1 (spherical), and the dotted lines for
p-' = 1.2 (prolate ellipsoidal); x. = Kd./2 = Kb,. The values of the
distribution parameter, m, are indicated on the figure.
A
C
V
1.0
0.8 a
1.0
--
----
10 0 0X Cen e
s~~ n[ .1
0.8 max min max min
I * v v
N
*. 0.1
0- 50 100
3xn2= 3(Kd,n/2)2
1SO
FIGURE 2 The (D) vs. x. (in a) and (M2/12) vs. xn (in b) relationships
for suspensions of ellipsoidal shells of revolution. The dashed lines are for
p = 1.2 (oblate ellipsoidal), the solid lines for p = 1 (spherical), and the
dotted lines for p-' = 1.2 (prolate ellipsoidal); x, = Kdn/2 = Kbn. The
values of the distribution parameter, m, are indicated on the figure. The
vertical bar with number xxx indicates the position of the 3x2 value for
d = xxx nm and the scattering angle of 900. Arrows indicate the positions
of the minima and maxima of sin2 (xn).
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constructed by a formula, G2(r) = B + [BIg'(r)I2 +
B"/2n(r)], where In(rl _ 1 provided a random noise, and A =
1 was assumed (cf., Eq. 2). For B = I05 (relative noise level
of 0.3%) and successively generated random noise n(r), ten
G2(r)s at each K2 were analyzed by use of Eq. 4. At this
noise level, the standard deviation (SD) for these ten
successive results were (0.002 - 0.004)(D) in (D) and
0.015 - 0.030 in (,G2/r2). The average values of (D) and
(u2/r) were compared in Fig. 3 with the corresponding
curves, Eqs. 18 and 19. Agreement was perfect in (D)
values, but not very good in (G2/rL2), especially in the
second-order analysis.
If such characteristic behavior of (D) against K2 as
shown in Figs. 2 and 3 is observed for a given sample, the
shape of vesicles will be very close to a sphere. If the K2
value at the measurement of G2(ir)s is in a range of a
positive (negative) slope of (D) against x2, the expansion
of the vesicle by osmotic swelling is under/over-estimated,
because the expansion shifts the x2 value for a given K2
right wards on the abscissa of Figs. 2 a and 3 a. Even when
the light-scattering measurements were carried out per-
fectly, the error due to this source would be the most
serious in determining the (d0/df)3 and hence theM values
in Eq. 1. Carefull examinations of the dependence on K2 of
the (D) values around the point of the measurement are
very important.
-~~~~~~~~
10"K2 (cm-2)
FIGURE 3 The results of the cumulant expansion of theoretically con-
structed correlation functions for a polydisperse suspension of spherical
shells (d, = 330 nm and m = 10). Filled circles are from the third-order
expansion, and open circles from the second-order expansion. The solid
lines are the theoretical curves shown in Fig. 2. (a) The (D) vs. K2
relationships, where 108D(dj) = 1.3 cm2/s. Open symbols overlapped
with filled ones are not shown. Error sizes are within the radius of symbols
for 0.3 and 0.03% noise levels. (b) The (O22/F2) vs. K2 relationships for the
0.3% noise levels. Error bars are shown at the corner. (c) The (JA2/F2) vs.
K2 relationships at the 0.03% noise level. Error sizes are within the size of
symbols. For details, see text.
Effect of Rotational Motion of Ellipsoidal
Shells
For the axial ratiop = 1 (or q = 0),jo(Z) = jo(Kb) in Eq. 7
is independent of (, so that Eq. 10 gives a0(Kb) = 0 for n _
1; namely, gl(Kb) = 0 and g2(Kb) = 1/3, and no effect of the
rotational motion on (D) and (G12/r2). For p # 1, on the
other hand, a0(Kb)s for even n (_2) are not necessarily
zero for submicron sizes of the scatterer. Fig. 4 shows
a0(Kb)s for slightly oblate (p = 1.2) and a0(Ka)s for
slightly prolate (p-' = 1.2) ellipsoidal shells of revolution.
(Forp < 1, we put Z = Ka[p2 + (1 _ p2)42]1/2 instead of
Eq. 8a.) Qualitatively speaking, ao comes from sphericity
of, and a2 from the first order nonsphericity of, the
ellipsoidal shell of revolution. It should be noted that at the
zero points of aO, 1a21 is near one of its maxima. Thus, both
g,(Kb) in Eq. 13 and g2(Kb) in Eq. 14 have large values at
these points; gl(Kb) - 6/(Kb)2 = 0.54 and g2(Kb) -
Lo(2) = 0.52 at the first zero point of ao(Kb). Then, the
(D) values of the ellipsoidal shells of revolution shown by
dashed and dotted lines in Fig. 2 are substantially modified
by the contribution to rLK2 from the rotational motion of
the ellipsoidal shell, if the sample is highly monodisperse
(m -- 100). Numerical examinations, however, showed
that the effect is negligibly small for m _ 30.
Fig. 5 shows a0(Kb)s for p = 2 and a0(Ka)s for p- = 2.
Except for the relative sizes of a0(Kb)s [and a0(Ka)s],
general behaviors of these curves are very similar to those
in Fig. 4. In these cases, however, the second and third
terms in Eq. 12 have substantial contributions to (r/K2)
even for m _ 30. To examine this situation, we assumed
Perrin's formulas for the diffusion coefficients, Do, D1, D3,
and 0, of an ellipsoid of revolution (Perrin, 1934).
Fig. 6 shows the (F/K2) vs. K2 relationships for the
ellipsoidal shells of revolution with p >1 (left panel) and
p- > 1 (right panel). The contribution from the second
and third terms in Eq. 12 amounts to (b20gl(Kb)) +
((D3- DI)[g2(Kb) - /3]) = 0.228 -0.034 = 0.194 in
100
O a( ao
'10 a'
E IO,
a2 ,~a2 \/a2 'a2
-210 0 5 10 0 5 10
Kb Ka
FIGURE 4 Graphic representation of the dynamic form factors. Left
panel: a,(Kb) for a slightly oblate ellipsoidal shell of revolution (p = 1.2),
and right panel: a.(Ka) for a slightly prolate ellipsoidal shell of revolution
(p-' = 1.2). The dashed parts have the negative sign.
BIOPHYSICAL JOURNAL VOLUME 53 1988
01
iN
500
0~~~~~~~1O~~~~~~~~~~~~~~~~~1
0 5 10 0 S 10
Kb Ka
FIGURE 5 Graphic representation of the dynamic form factors. Left
panel: a.(Kb) for p = 2, and right panel: a.(Ka) for p-' = 2 (p = 0.5).
The dashed parts have the negative sign.
units of Dj(bj), for example, at 3(Kb0)2 = 32 and p = 2. On
the abscissa, 49 corresponds to the scattering angle of 900
for 2b0 (and 2a0) = 330 nm.
In the above numerical simulation, we assumed the
polydispersity parameter ofm = 10. This value ofm is not
too bad for biological membrane vesicles, because the
number of vesicles with the sizes smaller than 0.5d0 and
larger than 2d0 is only 3% of the total [for profiles of N(z)
for some m values, see Fig. 7 given below]. It should be
noted that the effect of the rotational motion on the
apparent diffusion coefficient is very large even for the
axial ratio as small as two (p = 2 and 0.5).
Decay-Rate Distribution
Here we consider again a polydisperse suspension of spher-
ical shells. Let us define F(z) = [sin2 (x0z)/x2]z2N(z)/
frP(x)z4N(z) dz (see Eq. 15). Since D(d) = D(dn)/z or
r(z) = D(dn)K2/z, we have dr -dz/z2. Then, we have
1-
A
v
A
1-
V
50 100 0 50
3(Kbn)2 3(Kan)2
FIGURE 6 The (f/K2 ) and (Do) vs. K2 relationships in units of D". The
solid lines show (f/K2) and the dotted lines show (Do). Left panel: 2b. =
330 nm, Dn = (kBT/67r-qbn)pGO(p), m = 10, and p = 1.2, 1.5, and 2.0
from top to bottom. The right panel: 2an = 330 nm, Dn = (kBT/
6iri7an)Go(p), m = 10, and p-1 = 1.2, 1.5, and 2.0 from top to bottom.
Go(p) denotes the shape factor (Perrin, 1934). On the abscissa, 49
corresponds to the scattering angle of 900.
z = d/dn
FIGURE 7 The simulated results of G(F) for a suspension of spherical
shells. The upper part shows N(z)s for m = 100, 30, and 10 by the dashed
lines, and z4N(z) for m = 30 by the solid line, where N(1) is normalized
to unity. The middle part shows sin2 (xnz) for d. = 330 nm and the
scattering angle of 1500 by the dashed line, and G(r) for m = 30 by the
solid line. The lower part shows the same quantities as those in the middle
part, but for the scattering angle of 900. Very minor side-peaks in G(r)s
were ignored.
G(r) defined in Eq. 3 as
G(r)dr x F(z) dz a sin2 (x0z)z4N(z) dr. (21)
For a given m value (a given size distribution), the profile
of G(F) has a single peak for the xn, value where one of
peaks of sin2 (x0z) comes close to the peak of z4N(z),
whereas double peaks for the xn values where one of zeros
of sin2 (xnz) comes close to the peak of z4N(z), namely, the
profile of G(r) strongly depends on the xn value. These
situations are illustrated with two examples in Fig. 7.
Needless to say, the moments of G(F) in Eq. 16 give the
same results from Eq. 3 in spite of apparent differences in
the profiles of G(r) from angle to angle.
The factor sin2 (xnz) works as a broad "notch filter" to
'eliminate' particles with sizes around d which satisfies
xnz = vir(v being positive integers). Note the points of the
minima and maxima of sin2 (xnz) for z = 1, which are
indicated by arrows on the lower frame of Fig. 2 a. For the
axial ratios slightly different from unity (slightly elllipsoi-
dal shells), the minimum values of the modified intensity
(xnz)2P(xnz) of Eq. 20 (which reduces to sin2 (xnz) for p =
1 or q = 0) are small but not zero; for p = 1.2 (p-' = 1.2),
for example, the first maximum, 1.11 (0.87); the second
minimum, 0.032 (0.028); the second maximum, 1.05
(0.82); the third minimum, 0.12 (0.10); ... However,
(xnz)2P(xnz) still works as the notch filter in the above
sense. It should be noted that the points indicated by 'min'
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('max') in Fig. 2 a correspond to the peak (minimum)
positions of (M2/r2) in Fig. 2 b. This clear correspondence
is solely due to the K-dependent profile of G(r) as depicted
in Fig. 7.
Eq. 1 is rewritten approximately as M (K./8)df [CO-
Cej/e, where e = (df - d.)/d,. Since M is the material
constant, it hardly depends on the vesicle size larger than a
certain value (out of the curvature-limited sizes). Then, for
a given C, value, the larger the vesicle diameter is, the
larger the expansion rate (e) is. Because of the factor
sin2 (x"z) (see G(r)s in Fig. 7), the observed e values at
different scattering angles have slightly different meanings
from each other, even when they are equal in magnitude.
Brush Border Membrane Vesicles
As an experimental example, Fig. 8 shows the K2P(K) vs.
K2 and ]/K2 vs. K2 relationships for a suspension of the
brush border membrane vesicles prepared from rat small
intestine. The experimental details are found in the accom-
panying paper (Miyamoto et al., 1988). The peak position
and peak-to-minimum ratio in the K2P(K) vs. K2 relation-
ship suggest (a) - 200 nm and m - 15 forp = 0.5, (d/2)
- 140nmandm - lOforp= 1,and (b) - 160nmandm
- 15 for p = 2. Since only one peak and one valley in
K2P(K) could be observed in the accessible range of K, any
definite conclusion could not be extracted. Among these,
however, the p = 0.5 case is compatible with the relative
positions of the peak and minimum in K2P(K). The profile
of r/K2 against K2 does not show such a feature character-
istic of spherical and/or slightly ellipsoidal shells as shown
in Fig. 2, but it suggests p - 0.5 (and notp - 2; cf., Fig. 6).
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FIGURE 8 An experimental example for a suspension of brush border
membrane vesicles prepared for rat small intestine (Miyamoto et al.,
1988). K2P(K) is in an arbitrary scale. The solid line is for an = 200 nm,
m = 15 andp = 0.5.
The limiting value of r/K2 = 1.0 x 10-8 cm2/s at K2 = 0
gives ( 1/a)-' - 320 nm forp = 0.5, (2/d)- - 210 nm for
p = 1, and ( 1/b)-' - 250 nm for p = 0.5. These average
sizes of vesicles from the r/K2 are 1.5 times larger than the
corresponding ones from the static scattering intensity.
This came from, at least, two sources. The first source is
the different weights in the average over size distribution;
(D)0/D(dn) =fz3N(z) dz/M, at K2 = 0 and x2(P(x)) =
f sin2 (xnz)z2N(z) dz/N, (for sphere, for example) with
the normalization constant Nr = fz4N(z) dz. Since the
maximum of z2N(z) appears at z = (m + 2)/(m + 1), the
(x) value which satisfies [(m + 2)/(m +1)](x) = ir/2
gives the largest overlap between sin2 ((x)z) and z2N(z),
and hence the first maximum of x2(P(x)). Then, we have
(d) = [(m +±1)/(m + 2)]dn. (Note the shift of the first
peak with m in Fig. 1.) From the relation (D)' = [(m +
1)/(m + 4)]D(dn) given above, on the other hand, we
immediately have ( I /d) -' = [(m +4)/(m + l)] dn. From
these simple considerations, we can expect ( 1/d) -l/(d) =
(m + 4)(m +2)/(m +1)2 _ 1.4 for m = 10, which
amounts to 90% of the observed ratio of 1.5. The second
source may be that the sample also has the distribution in
the axial ratio p. Indeed, on the electron micrographs of
brush border membrane vesicles (Hopfer et al., 1983), are
found some ellipsoidal shapes with axial ratios down to 0.2
(or up to 5; it is not clear on the micrographs whether the
vesicles are prolate or oblate). In the above analysis of the
static scattering intensity, we ignored the distribution in p.
Thus, m - 15 forp = 0.5 may be the upper bound of the m
value. Although not yet been fully examined, our samples
used in the accompanying paper (Miyamoto et al., 1988)
could be characterized to be the suspensions of ellipsoidal
vesicles with p - 0.5 and m - 10.
The osmotic swelling experiment can be possible for
such ellipsoidal vesicles, if they expand keeping the axial
ratio and its distribution unchanged. In such a situation,
however, the size of the membrane modulus M is never
absolute, because the diameter d evaluated from (F/K2)
and not from (D) by use of Eq. 5 is not correct in the
absolute size. If we put d = (1 + A)d', Eq. 1 gives M =
(1 + A)M0, where the superscript 'o' denotes the true
quantity. This A may depend not only on the size and shape
distributions of the vesicles but also on the scattering angle.
Nevertheless, the relative size of the change in the M-value
depending on different conditions (such as activation of a
transport system of the membrane given in the accom-
panying paper) is very meaningful, because A is highly
constant for a given preparation at a fixed scattering angle.
It should be emphasized again that the scattering angle at
the measurement is carefully determined to avoid the
region where F/K2 changes strongly with K2.
CONCLUSIONS
The considerations given above clarified some complica-
tions in determining the size of swelling by dynamic light
scattering. These complications mostly come from the
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"shell" structure of the scatterers with submicron sizes;
namely, from the notch filtering action of the modified
scattering function.
For spherical vesicles, the average value of the diameter
d estimated from (D), and hence the size of elastic
modulus M, depend on the dnK value. When a correlation
between M and d, is discussed, a characteristic feature of
the dependence on K2 of (D) as shown in Fig. 2 a should
carefully be examined. Otherwise, substantial over/under-
estimation ofM would happen to occur.
For ellipsoidal vesicles, the contribution to the apparent
diffusion coefficient (r/K2) from the rotational motion of
ellipsoids produces another complication. In addition, Eq.
1 has been derived for a spherical shell. However, the
estimated size of M is still a good measure of the
membrane elastic modulus.
At the moment, however, the present method is probably
the most rapid, accurate, and powerful in the study of
elastic properties of membrane vesicles with submicron
sizes under various conditions.
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